Abstract: Bread wheat (Triticum aestivum L.) is an important crop and export commodity for Canada. Increased global population, demand for superior quality grains, and rapidly evolving pathogens have necessitated the breeding of high-yielding, disease-resistant wheat cultivars. Significant improvements in breeding efficiency can be made through advances in wheat genetics and genomics to develop tools that accelerate genetic gains in wheat. The identification of genes and quantitative trait loci for economically important traits and the development of associated molecular markers have the potential to improve selection efficiency. Marker-assisted selection enriches desirable allelic frequency, complements phenotypic data, and facilitates gene stacking. Molecular markers have been developed for various genes and quantitative trait loci conferring resistance to leaf rust, stripe rust, stem rust, Fusarium head blight, loose smut, common bunt, leaf spot, wheat blossom midge, and wheat stem sawfly. Markers are available for wheat grain and flour characteristics as well. Agronomic traits such as vernalization requirement, day-length sensitivity, and plant height can also be selected using molecular markers. Validated single nucleotide polymorphism based markers are a useful tool in breeding new wheat varieties for the Canadian prairies. In the current review, we present a compilation of validated molecular markers that are polymorphic and potentially useful for Canadian wheat breeding.
Introduction
Bread wheat is a widely grown crop with a global gross production value estimated at $110 billion U.S. dollars. In the year 2016, 220 million hectares were harvested worldwide, generating 682 million metric tonnes of wheat (FAOSTAT 2018) . In Canada in 2016, 6.4 million hectares of hexaploid wheat were sown, with the production of about 20.7 million metric tonnes (Statistics Canada 2018). Wheat is a major export crop in Canada. In the 2016-2017 export year (August-July), 14.7 million tonnes of wheat were exported, with nearly half being exported to Asia (Fig. 1a) . Wheat exports, including durum, contributed over $6 billion dollars of revenue to the Canadian economy in 2016 (http://www.agr. gc.ca/eng/about-us/publications/discover-agriculture/themaking-of-wheat-warriors-canadian-wheat-stands-out/?id= 1412083175501). Over 76% of hexaploid wheat exported is grade No. 1, 2, or 3 Canada Western Red Spring class (Statistics Canada 2018) (Fig. 1b) .
Wheat yield per hectare has been steadily increasing in Canada over the last 25 yr at the rate of roughly 48 kg ha −1 (Fig. 1c) . Breeding new lines of wheat with improved yield, high quality, good agronomic traits, and effective, durable disease resistance is essential to continue and improve upon this trend. Improved wheat cultivars will ensure food supply for the growing population and maintain Canadian competitiveness in the world wheat market. The ultimate goal of wheat breeding is genetic gain with respect to various measurable parameters of agronomic performance, disease resistance, and grain quality. Genetic gain is the increase in the mean genotypic value of a trait compared with individuals before selection in a given environment. The expected genotypic response of offspring (R) is modeled by the breeder's equation R = h 2 S or R = H 2 S, where S is the difference between the parents and the population mean and h 2 and H 2 are the narrow-and broad-sense heritability of a trait, respectively (Piepho and Möhring 2007) . Genetic gain over time can also be defined as the product of selection intensity, selection accuracy, and genetic variance over time (Heffner et al. 2009 ). One way to cost-effectively improve genetic gain is by using genomic tools such as molecular markers. Molecular markers can increase genetic gain over time by allowing informed selection of favourable genotypes in the absence of phenotypic data. The use of markers has the following advantages:
1. Selection intensity: Having appropriately high selection pressure is important for genetic gain. Molecular markers can be useful for difficult phenotypic screens, such as screening for resistance to pathogens not yet present in Canada, and for early generation grain quality assessment where seed availability is limited.
2.
Selection accuracy: Phenotypic selection is often highly dependent on field conditions. Molecular markers can improve selection accuracy in several ways. Genetic selection allows for the increase of favourable allele frequencies independent of environment. Molecular markers can identify and track genes with known effects or by tracking recessive genes in heterozygotes. Important genes can also be fixed in early generations and markers can assist in background or foreground selection for complex crosses or backcrosses. This can be useful for selection of more than one gene that produce similar traits at the seedling stage. 3.
Genetic variance: Knowledge of genetic diversity can increase genetic variance in a cross. Markers permit relatively easier assessment of genetic variance and can lead to identification of new or minor alleles as the cause of variance. Furthermore, markers can also permit stacking of identified alleles for durable and sustained expression of traits such as disease resistance.
4.
Time: For certain traits, genotypic selection may improve selection accuracy and speed over phenotypic selection. This allows informed reductions in population size and quick identification of desirable parental lines for new crosses. This can significantly reduce breeding cycle time and cost in the long run. 5.
Ease of sampling, scaling, and high-throughput: Markers can be applied to extract information from any plant tissue at any stage of the plant life cycle. The marker assay techniques can be scaled to fit a smaller population or an entire breeding program with thousands of breeding lines with minimal effort. Current marker assay techniques are very high-throughput, which can assay thousands of samples for multiple traits within a few hours.
Single nucleotide polymorphisms (SNP) are the most common type of sequence variation in wheat (Würschum et al. 2013) . Single nucleotide polymorphisms occur when a single nucleotide at a given chromosomal locus differs between two genotypes. Simple sequence repeats (SSRs) are another commonly used class of molecular markers. Simple sequence repeats occur when a simple sequence, usually of only a few base pairs, differs in copy number in a given sequence between two genotypes, resulting in altered amplicon length. Altered amplicon length can also be due to a more complex insertion or deletion. Presence/ absence variations (PAVs) occur when a stretch of DNA is present or absent at a certain chromosomal locus between two genotypes.
Several techniques have been developed for singleplex marker analysis where one trait is assayed on one plant sample. Most modern single-plex markers involve DNA amplification. Amplicons are usually generated through polymerase chain reaction (PCR) using a thermostable DNA polymerase such as Taq and two specific primers. Other techniques have been validated in wheat such as loop-mediated isothermal amplification, which uses Bst polymerase and four primers at isothermal conditions (Notomi et al. 2000; Fukuta et al. 2015; Yin et al. 2017) . Technologies for assaying band size include agarose gels, polyacrylamide gels, and capillary electrophoresis machines such as the Sanger sequencing based equipment, Qiagen QIAxcel Advanced® (QIAGEN Canada, Toronto, ON) or the Agilent Bioanalyzer® (Agilent Technologies Canada Inc., Mississauga, ON). The presence or absence of a DNA fragment can be examined using similar techniques, scoring the presence and (or) absence instead of differences in band size. Presence/absence variation can also be scored without electrophoresis, using, for example, ethidium bromide fluorescence (Tomita et al. 2008) .
There are many useful technologies available for assaying SNP markers. The most straight-forward is allele-specific PCR (AS-PCR), where the 3′ nucleotides of two forward primers are designed to assay two different SNP alleles. Run in two separate reactions, an amplicon would be expected to form only when the appropriate allele is present. An improvement to this technique is Kompetitive allele-specific PCR (KASP), where the two forward primers have 5′ tags attached that result in fluorescein or hexachlorofluorescein fluorescence when amplified in a KASP master mix. This allows singlereaction discrimination and fluorescent reading (Semagn et al. 2014 ). Software such as KlusterCaller (LGC Genomics, Middlesex, UK) is available for KASPbased allelic analysis. Other methods of fluorescencebased single-plex SNP calling include the Invader assay (Olivier 2005) and Taqman probes (Livak et al. 1995) . These involve an internal oligonucleotide whose cleavage, either through structure-specific flap endonuclease or Taq polymerase exonuclease activity, results in fluorescence. The recently developed semi-thermal asymmetric reverse PCR method is another method for SNP or size discrimination genotyping. Semi-thermal asymmetric reverse PCR is based on a similar competitive PCR reaction as KASP but does not require a third-party KASP master mix (Long et al. 2017) . High resolution melt analysis can also be used for SNP calling (Lochlainn et al. 2011) . Rasheed et al. (2016) have found that KASP assays are superior in terms of ease of design and execution, speed, throughput, and consistency.
Important measurable parameters in Canadian wheat breeding include agronomic, disease, and quality factors. Important agronomic factors include yield, Table 1 . Care must be taken when using markers as an independent source of information. Many markers available today are simply linked to a trait. Due to recombination, it is possible to have a positive marker score but lack the gene (false positive) or have the gene of interest yet test negative using molecular markers (false negative). Genomic suppressors of certain genes can lead to an unexpected phenotype. Examples of this are the Anza-derived Yr17 suppressor factor (Helguera et al. 2003 ) and the Thatcher-derived Lr23 suppressor factor (McIntosh and Dyck 1975) . Additionally, even wellstudied cloned genes often explain only a portion of the phenotypic variance in a population (Ellis et al. 2002; Liu et al. 2008a) , and models explaining complex phenotypes through QTLs can often only explain a portion of the phenotypic variance in a population (Lin et al. 2016; Singh et al. 2016) . It is therefore suggested that marker information should be used to complement phenotypic data and not be used as a substitute for direct phenotyping when breeding to develop elite cultivars.
Here, we report several useful molecular markers for breeding hexaploid hard spring wheat for the Canadian prairies. Primer names, SNP identifications, and references for the assays are presented in Table 2 and the primer sequences and assay conditions are presented in Supplementary Table S1 .
1 This work builds on and is indebted to the authors of previous wheat marker reviews, notably Randhawa et al. (2013) , Liu et al. (2014) , and Rasheed et al. (2016) .
Markers for Disease Resistance

Rust resistance
Breeding for good rust resistance is a fundamental part of any breeding program. There are three important fungal rust species that infect wheat: leaf rust (P. triticina), stem rust (P. graminis f. sp. tritici), and stripe rust (P. striiformis). While these rusts can be controlled via foliar application of fungicides, genetic rust resistance is preferable to minimize cost and make farming more environmentally friendly. Resistance genes can either be race-specific seedling response genes or adult plant resistance genes. Certain genes are more effective at different stages in a plant life cycle and others are temperature dependent. The evolution of rust fungi can make certain resistance genes become ineffective. Combinations or "stacks" of genes are an effective way to provide resistance throughout the stages of a plant's life cycle throughout many environments and to safeguard against evolving rust strains.
Globally, over 80 leaf rust (P. triticina) resistance genes have been identified (Aktar-Uz-Zaman et al. 2017) . Most of these are seedling response genes and very few are still broadly effective today. Common leaf rust resistance genes in Canadian wheat include Lr14a, Lr16, Lr21, Lr22a, Lr34, Lr37, and LrCen. Of these, Lr21, Lr22a, and Lr34 have been cloned (Huang et al. 2003; Krattinger et al. 2009; Thind et al. 2017) , enabling the creation of perfect markers. Lr21 and Lr22a encode NBS-LRR genes and are effective against all prevalent races of leaf rust (McCallum et al. 2016) . Leaf rust resistance genes Lr1, Lr10, and Lr13 are present in Canadian germplasm (McCallum et al. 2016 ) but do not provide adequate resistance to prevalent leaf rust races .
Molecular markers for leaf rust resistance genes permit relatively easy gene postulation, allowing for informed gene stacking and tracking. KASP assays have been developed for Lr14a, Lr16, Lr21, Lr22a, Lr23, Lr27 (Sr2), Lr34, Lr37 (Yr17), Lr67, Lr68, Lr78, and LrCen (Table 2) . Other polymorphic genes in Canadian cultivars and breeding lines assayed by SSR or PAV markers include Lr24 (Sr24), Lr32, and Lr42 (Table 2) .
Approximately 64 stem rust (P. graminis f. sp. tritici) resistance genes/alleles have been identified and numbered. Of these, 46 are expected to be useful in Canadian wheat against prevailing stem rust races and 21 are expected to be present in Canadian wheat. Sr2, Sr6, Sr7a, Sr7b, Sr9b, Sr9e, Sr11, Sr13, Sr16, Sr17, Sr24, Sr38, Sr42, Sr57, and SrTmp are expected to be present and useful (T. Fetch, Morden Research and Development Centre, Morden, MB, personal communication). KASP assays have been developed for multiple genes present in Canadian bread wheat germplasm, including Sr2, Sr6, Sr7a, Sr8a, Sr9b, Sr11, Sr17 (Lr14a), Sr23 (Lr16), Sr38 (Yr17), SrCad, and Sr57 (Lr34). All lines in Table 1 have the marker allele associated with Sr9b and all but Minnedosa have the marker allele associated with Sr7a. A PAV marker has also been developed for Sr24, which is present in Canadian germplasm. Validated KASP, SSR, and PAV markers have also been developed for stem rust genes in breeding lines, including
, and Sr45 (KASP). The primer sets for these markers are listed in Table 2 and Supplementary Table S1. 1 Table 1 . Wheat lines with genotypes. Lr, leaf rust; Sr, stem rust; Yr, stripe rust; Bt, bunt; Ut, loose smut; Fhb, Fusarium head blight; Sm1, orange blossom midge resistance; TSN-1 and TSC-1, tan spot resistance; SNN-1, Parastagonospora resistance; Solid stem, sawfly resistance; GluAx1, Ax1 gluten GluA1 allele (all others Ax2*); 7BxOE, 7Bx gluten subunit overexpressor; GluD (2+12), 2+12 gluten GluD allele (all others 5+10); TaTPP-6AL1b, low TKW trehalose 6-phosphate phosphatase allele; Gpc, grain protein content; PHS, pre-harvest sprouting resistance, TaSdr-B1b and TaVp-1Ba, pre-harvest sprouting susceptibility; Sus, sucrose synthase; PPO18, reduced polyphenol oxidase; Pin, genes controlling grain hardness, PinA and PinB; Wx, waxy gene knockout; Ppd-D1 (hap III), mariner-type TE insertion photosensitivity allele; Rht, reduced height; Vrn, active vernalization gene.
Name
Other name Disease Quality Agronomic There are several potent strains of stem rust that may be a threat to the future of wheat crops in North America. These include Ug99 (TTKSK, TTKST, TTTSK, and variants), Digalu (TKTTF), and TTTTF (www. wheatrust.org). Currently, breeding lines are screened in Africa where natural infection may vary from year to year or the plants may escape infection due to different growing conditions. Molecular markers can be used to develop resistant lines in the absence of a phenotypic screening facility in North America. There are 27 known genes that provide some level of resistance to certain strains of Ug99, of which, Sr2, Sr24, Sr57, SrCad, and SrTmp are likely present in Canadian bread wheat germplasm (T. Fetch, personal communication) . Several Ug99 resistance genes have been cloned, including Sr57 ), Sr33 (Periyannan et al. 2013) , Sr35 (Saintenac et al. 2013) , Sr50 (Mago et al. 2015) , Sr22 and Sr45 , and Sr13 (Zhang et al. 2017b) . Perfect markers derived from these genes will allow efficient introgression of the gene into elite germplasm.
There are several instances of effective gene stacking for increased Ug99 resistance. These include the Sr2/Sr23 genotype present in Selkirk (Singh et al. 2006) as well as the Lr34/SrCad phenotype found in Peace and Cadillac (Hiebert et al. 2011 ). Molecular markers can greatly aid in the recapitulation of these and other gene stacks present in Canadian wheat germplasm.
Recent work has differentiated the genes SrCad, Sr42, and SrTmp, which are located on chromosome 6DS. While earlier work mapped all three genes into the same general location (Lopez-Vera et al. 2014), Hiebert et al. (2016a) found that race susceptibility was different using doubled haploid (DH) and recombinant inbred line (RIL) populations with Triumph 64 (SrTmp), Norin 40 (Sr42), and Cadillac (SrCad) as resistance donors. These genes can now be reliably differentiated through molecular markers ).
Stripe rust (P. striiformis) is increasingly a problem in Canada. Resistance in Canadian germplasm has previously been reported to rely mostly on the genes Yr18 (Lr34) and Yr36, but this does not explain the phenotypic resistance found in many Canadian cultivars (Randhawa et al. 2012) . Markers have been developed and tested in Canadian germplasm for stripe rust resistance genes that Note: Additional information including primer sequences and assay conditions are included in Supplementary Table S1. 1 Toth et al. 117 are polymorphic in Canadian wheat cultivars and breeding lines (Tables 1 and 2; Supplementary Table S1   1 ). The genes Yr5 and Yr15 could be useful in breeding as no strains of stripe rust in Canada are known to be virulent on these genes (Brar et al. 2018) . While no perfect marker exists for Yr5, a combination of two KASP assays likely identifies carriers of Yr5 (Naruoka et al. 2016) . Most strains of stripe rust present in North America are avirulent on Yr1 and YrSP, which could make them useful in breeding (Brar and Kutcher 2016; X.M. Chen, Washington State University, Pullman, WA, personal communication). Yr18 and Yr36 are cloned adult plant resistance (APR) genes, which are present in Canadian wheat and give good stripe rust resistance (Randhawa et al. 2012) .
Several important disease resistant genes are either closely linked or have pleiotropic effects. Most significantly, Lr34 is identical to Yr18, Sr57, Bdv1, and Pm38, and it encodes an ABC transporter ). In addition to providing broad-spectrum APR, Lr34 appears to enhance the effect of other rust resistance genes (German and Kolmer 1992; Kolmer et al. 2011 ). However, Lr34 also causes leaf tip necrosis and might also cause lower yield and tall plants (Chen et al. 2016; Johnston et al. 2017) . Yr17 is on a translocated 2NS segment derived from Triticum ventricosum (Tausch.) Ces., Pass. & Gibelli and is closely linked to Sr38 and Lr37 (Bariana and McIntosh 1993) . The 2NS segment may also provide wheat blast resistance (Cruz et al. 2016 ). Yr46 (Lr67/Sr55) is a cloned hexose transporter variant (Moore et al. 2015 ) that provides APR but does not appear to be present in Canadian germplasm. Sr2 is either linked or pleiotropic to Lr27 and Yr30, as are the pairs Sr17/Lr14a, and Sr23/Lr16 (T. Fetch, personal communication). Yr36 is a START-kinase closely linked to the Triticum turgidum L. derived Gpc-B1 locus (Fu et al. 2009 ) providing high temperature adult plant resistance.
Fusarium head blight resistance
Fusarium head blight (FHB; mainly from F. graminearum) is a fungus with major potential for reduction in wheat yield and quality. There have been many resistance genes and QTLs identified, but resistance to FHB is very complex (Comeau et al. 2011) . Candidate genes for Fhb1 (Rawat et al. 2016 ) encoding a chimeric lectin with agglutinin domains and a pore-forming toxin-like domain (PFT), Fhb2DL encoding an agmatine coumaroyl transferase (Kage et al. 2017) , and Fhb5AS encoding a Myb transcription factor (Hukkeri 2016 ) have been cloned. However, PFT did not detoxify deoxynivalenol (DON), a trait that the Fhb1 locus is expected to encode. It is possible that several genes are responsible for the Fhb1 phenotype (Rawat et al. 2016) . Additionally, several FHB-susceptible varieties also appear to carry PFT (He et al. 2018) . Validated diagnostic markers for Fhb-2DL and Fhb-5AS were not reported with the cloned genes. KASP assays have been developed for Fhb1 derived from the marker umn10 (Rawat et al. 2016 ) and snp3BS-8 (Bernardo et al. 2012) . Both primer sets result in three distinct genotypic groups. A KASP assay has been developed for Fhb2 from a SNP discovered using a genotypingby-sequencing (GBS) approach (Cai 2016) . SSR markers are available for Fhb-2DL, Fhb-4B, and Fhb-5AS, but none are diagnostic (McCartney et al. 2004) . Given the complexity of FHB resistance, phenotyping remains essential.
Other fungal resistance
Loose smut (Ustilago tritici) and common bunt (Tilletia tritici and T. laevis) are seed-borne fungal diseases which causes black teliospores in place of kernels. These diseases can be controlled either through chemical or genetic means; the latter is preferable, especially for organic production. Since loose smut and common bunt are seed-borne diseases, phenotypic testing for resistance can be difficult. Genetic screening for resistance to these diseases could be very useful to avoid or limit difficult phenotypic screening.
Two markers for loose smut resistance have been developed for hexaploid wheat. Simple sequence repeat markers for the gene Ut6 are available (Kassa et al. 2014 ) and a KASP assay for the temporarily named UtBW278 (Kassa et al. 2015 ) has been developed. These genes provide resistance to loose smut strains T10 and T9, respectively.
While common bunt resistance has been extensively mapped (Demeke et al. 1996; Fofana et al. 2008; Wang et al. 2009; Dumalasová et al. 2012; Singh et al. 2016; Zou et al. 2017) , there are few validated molecular markers available. The SSR markers examining Mckenzie-type common bunt resistance (BtMck) appear effective over broad germplasm ) and the bunt resistance gene Bt10 is closely linked to the stem rust gene SrCad, for which a KASP assay is available (Kassa et al. 2016b) .
Leaf spot is an umbrella term referring to different diseases, including tan spot caused by Pyrenophora tritici-repentis (Died.) Drechs., Stagonospora nodorum blotch caused by Phaeosphaeria nodorum (Müll.) Hedjar. or Parastagonospora nodorum (Berk.) Quaedvl., Verkley & Crous (previously named Septoria nodorum) (https://www. ag.ndsu.edu/publications/crops/fungal-leaf-spot-diseasesof-wheat-tan-spot-septoria-stagonospora-nodorum-blotchand-septoria-tritici-blotch#section-3), Septoria leaf blotch caused by Mycosphaerella graminicola (Fuckel) Schröt. (synonym, Septoria tritici), and spot blotch caused by Cochliobolus sativus (Ito & Kurib.) Drechs. ex Dastur (Gilbert et al. 1998) . Genetic resistance to different strains of these different pathogens requires multiple resistance genes, and few have been discovered and described. Molecular markers are available for variants of the wheat genes TSC-1 and TSN-1 (Liu et al. 2017; Perez-Lara et al. 2017) . These genes are host sensitivity genes, required for the tan spot pathogen-derived effectors Ptr ToxA and Ptr ToxC, respectively. The Ptr ToxA was likely derived from the causative agent of Stagonospora nodorum blotch through horizontal gene transfer, and it is also found in some strains of spot blotch (McDonald et al. 2017 ). Insensitive TSN-1 alleles are expected to provide resistance to these pathogens carrying ToxA, although there are other factors influencing leaf spot resistance . The allelic status of the host sensitivity gene SNN-1 contributes to pathogen-derived SnTox1 sensitivity (Liu et al. 2012) , and a KASP assay is available to test the allelic state. TSN-1 and SNN-1 have been cloned and encode a protein with S/TPK and NBS-LRR domains (Faris et al. 2010 ) and a member of the wall-associated kinase class of receptors (Shi et al. 2016) , respectively.
Markers for Resistance Against Insects
The wheat blossom midge (S. mosellana) has the ability to reduce yield and quality (Dexter et al. 1987) . At least two known sources of resistance exist. The first is Sm1, which likely works by increasing phenols in developing kernels to levels that kill the wheat blossom midge larvae upon ingestion (Ding et al. 2000) . Cultivars carrying Sm1 are sold as varietal blends with a 10% susceptible refuge to decrease the likelihood for evolution of a resistant insect. The second major source of midge resistance is oviposition deterrence (Lamb et al. 2002) . Multiple molecular markers have been developed for Sm1 Kassa 2013; Kassa et al. 2016a) . A diagnostic marker from the gene Sm1 is available, and efforts are underway to clone the gene (C. McCartney, Morden Research and Development Centre, Morden, MB, personal communication). It is strongly advised that despite the availability of a diagnostic midge resistance marker for Sm1, the only known source of midge resistance, phenotyping efforts should continue to monitor the loss of the Sm1 effect on midge.
The wheat stem sawfly (C. cinctus) can cause lodging of plants by cutting a ring around the stem, reducing yield and quality (Holmes 1977) . Sawfly larvae are inhibited by a solid stem, a trait originally introduced from a Portuguese landrace into hard red spring variety Rescue (Platt et al. 1948 ). This trait is largely governed by a single gene on chromosome 3B (Cook et al. 2004 ), for which a KASP assay is available. The solid stem trait has the potential to reduce yield (Szczepaniec et al. 2015) , possibly due to photosynthate being used to create excess pith. However, Hayat et al. (1995) and Sherman et al. (2015) did not find a negative correlation between yield and stem solidness. A solid stem may also improve lodging resistance . Testing for a solid stem is comparatively difficult, so molecular markers can greatly assist breeding for this trait.
Markers for Screening Wheat Grain and Flour Quality
The quality of flour is very important in Canadian bread wheat breeding. Quality factors include protein levels, gluten quality, rheological properties of dough, flour colour, and falling number. The hardness and colour of the grain determine the marketing classification of a cultivar.
Total protein content in wheat is an important measure of quality. The Gpc-B1 locus introgressed from T. turgidum increases total protein content along with zinc and iron levels . Gpc-B1 is linked to high temperature adult plant stripe rust resistance gene Yr36, which provides a good level of resistance to prevalent strains of stripe rust (Randhawa et al. 2012) . Gpc-B1 has been cloned and shown to be a transcription factor regulating senescence . A diagnostic KASP assay has been developed for Gpc-B1. This gene is present in several Canada Western Red Spring cultivars and lines including Lillian ) and BW1013, as well as the Canadian Western Extra Strong cultivar Burnside .
Beyond protein content, gluten quality is very important. KASP assays are available to examine certain high molecular weight gluten subunits, including assays to determine 1 vs 2* vs null GluAx subunits (Liu et al. 2008b ), 5+10 vs 2+12 GluD1 subunits (Ishikawa and Nakamura 2007) , and the 7BxOE phenotype (Rasheed et al. 2016) on chromosome 1B. Most tested cultivars had the GluAx2* allele, although several others had the GluAx1 allele. The GluAx2* allele is linked to longer mixing time, while the null allele results in inferior quality (Rasheed et al. 2016) . The favourable 5+10 GluD1 allele is present in the vast majority of Canadian wheat. However, the marker would be useful for introgression of disease resistance genes linked to other GluD1 alleles, such as the Aegilops tauschii Coss. derived Ug99 resistance genes Sr21, Sr33, and Sr45 (Yu et al. 2014) . The application of KASP assays for 7BxOE will enable this allele to be enriched in Canadian germplasm.
Low polyphenol oxidase activity is an important measure of quality regulating flour and noodle colour. A KASP assay has been developed based on an SNP linked to low polyphenol oxidase activity (Sun et al. 2005) . Molecular markers for this trait allow for informed selection in early generations before sufficient sample is available for phenotypic testing.
Falling number is a measure of quality largely explained by preharvest sprouting (PHS). PHS is an important issue, especially in areas with high rain or humidity during grain ripening. PHS is negatively correlated with seed dormancy (Harlan 1992) . There are two consistently identified QTLs that increase dormancy and reduce measures of PHS (Liu et al. 2008a; Cabral et al. 2014) , on chromosomes 3A and 4A (Mori et al. 2005) . KASP assays are available for variants in both QTLs. The 4A PHS resistance QTL is common in Canadian bread wheat, while the 3A resistance QTL (TaPHS1) is rare. The responsible genes for both QTLs have been cloned and encode a TaMFT-like gene on 3A and a MAP kinase kinase (MKK) on 4A Torada et al. 2016 ). The dormancy-related genes TaVp1 (Utsugi et al. 2008) and TaSdr (Zhang et al. 2014 ) have also been cloned and are polymorphic in Canadian wheat.
The majority of a wheat kernel is starch. Starch consists of amylopectin and amylose, and changing the ratio of these two polysaccharides can alter the characteristics the corresponding wheat flour. Amylose is generated from granule-bound starch synthase (also known as Wx genes), and natural sources of null mutations for all homeologs are available (Hucl and Ramachandran 2014) . The presence of a null allele is associated with increased swelling power (Yamamori and Quynh 2000) and farinograph water absorption, but also with reduced flour yield (Sahlstrom et al. 2006) . A dominant KASP assay for the null allele Wx-B1, present on a translocated segment on chromosome 4AL, has been developed (Rasheed et al. 2016) .
Grain hardness determines whether a cultivar can be marketed as hard or soft. There are two closely linked genes controlling grain hardness, PinA and PinB. If one or both of those genes are non-functional, the grain is hard. The genes have been cloned and determined to encode purindolines. Cultivars with PinA tend to be harder than cultivars with PinB (Giroux and Morris 1998). Markers derived from the non-functional sequence could be useful in breeding for harder wheat by molecular selection for PinA, as well as for background selection for introgressions from soft wheats.
Seed coat colour for wheat can be either red or white. Hexaploid wheat has three genes on chromosomes 3A, 3B, and 3D that contribute dominantly to red seed coat (Flintham 2000) . These genes belong to the Myb class of genes (Himi et al. 2011) and are named TaMyb10. Using derived molecular markers, the number of functional copies of these genes can be determined. Heterozygosity of the relevant genes can also be tracked (Himi et al. 2011 (Himi et al. , 2015 . These markers can be useful for maintaining a white seed coat while introgressing genes from red wheat into white wheat. The white-type Tamyb10 genes are also associated with increased PHS susceptibility (Flintham 2000) and can be screened against when breeding red wheat.
Markers for Agronomic Performance
Earliness is a important factor for the short growing season of the Canadian prairies. Day-length insensitivity and spring-type vernalization genes are linked to earliness in wheat (Worland et al. 1994; Rasheed et al. 2016) . Day-length insensitivity is largely caused by Ppd-D1 (Welsh 1973; Beales et al. 2007 ). Guo et al. (2010) found that Ppd-D1 haplotype III (mariner-type transposable element in intron 1) was significantly associated with increased days to heading and days to maturity compared with other haplotypes. Selection against this haplotype may lead to earlier-maturing lines. The genetics of vernalization requirement have been well studied in wheat. Winter wheat has three recessive Vrn genes, while spring wheat has at least one dominant allele at Vrn1, Vrn2, Vrn3, or Vrn5 (VrnA1, VrnB1, VrnD1, VrnB3) (Stelmakh 1987) . KASP assays have been developed for allelic variation in Vrn1, Vrn2, and Vrn3 (Grogan et al. 2016) . Winter-type vernalization alleles are rare but present in Canadian spring wheat and could be selected against to improve earliness. Cultivars with active winter-type vernalizations are marked in Table 2 .
Semi-dwarf plant type is important to producers. A short plant is desirable as it results in less straw to thresh and also tends to have better lodging tolerance. Four agriculturally important height-reducing genes have been utilized: Rht-B1b, Rht-D1b, Rht8, and Rht24. Both Rht-B1 and Rht-D1 encode DELLA proteins involved in gibberellin response. Rht-B1b is much more common than Rht-D1b in Canadian germplasm, differing from germplasm from China (Zhang et al. 2006 ) and Western Europe (Würschum et al. 2015) . Because Rht-B1b contributes less than Rht-D1b to FHB susceptibility (Gosman et al. 2009; Buerstmayr and Buerstmayr 2016) , Rht-B1b is preferable for reducing height in elite wheat cultivars in areas where FHB is a concern.
Thousand-kernel weight is an important yield component and a factor in flour extraction. An SNP in the sucrose synthase gene Sus2-2B is linked to an increase in TKW (Jiang et al. 2011) . A KASP assay has been developed for this SNP and is polymorphic in Canadian germplasm. The gene trehalose 6-phosphate phosphatase (TaTPP-6AL1) is also linked to an increase in TKW, and an SNP was identified between cultivars with high and low TKW (Zhang et al. 2017a) . A KASP assay has been developed from this SNP. Interestingly, no Canada Western Red Spring class wheat tested had the less effective allele, suggesting intense phenotypic selection.
Future directions
Our assays could not confirm some of the previous reports on the presence or absence of genes and (or) markers using more recent tools and markers as discussed below. The stem rust resistance gene Sr2, which also provides resistance to the Ug99 family of stem rust and may exhibit pseudo-black chaff (PBC) phenotype, was reported in cultivars such as Peace and Laura (DePauw et al. 1988; Randhawa et al. 2013) . However, using more recent SSR and KASP markers, Sr2 could not be detected in the same lines in our assays. Markers derived from a recent mapping of LrCen also differ significantly from expected distribution of the gene . The cultivar AAC Tenacious has a seedling leaf resistance response characteristic of LrCen, which was confirmed by the results using the LrCen marker tested in our assay. Another recent finding showed the presence of Sr2, Sr26, Yr5, and Yr36 in multiple lines ), which could not be confirmed in our assays. It is possible that some conflicting results were due to the use of different markers than in previous studies or different seed stocks. Continued efforts to find perfect markers could help resolve this problem.
High-throughput marker analysis provides valuable information in wheat breeding. The identification of relevant SNPs through linkage mapping, association mapping, and gene cloning will allow for the development of new molecular markers and KASP assays with highthroughput potential. Molecular mapping will be aided with multiplexed SNP chips. New SNP chips with dense genome coverage up to 660K or 820K SNPs have been developed (Winfield et al. 2016) . New techniques such as MutRenSeq ), MutChromSeq (Sánchez-Martín et al. 2016 , and TACCA (Thind et al. 2017 ) have great promise in speeding up gene discovery, trait associations, and marker development.
Genetic mapping using bi-parental populations and association-based populations is often insufficient for marker development. For useful marker development, discovered markers should be tested on a genetically diverse panel for validation. Additionally, DArT (Diversity Arrays Technologies, Canberra, Australia) markers are not easily convertible into useful single-plex markers, making mapping data generated with DArT markers not immediately applicable for single-plex marker-assisted selecetion. Future DArT work with applications for marker-assisted selection should include breeder-friendly assay information whenever possible.
There are undiscovered genes conditioning disease resistance in Canadian wheat. For instance, the cultivar Parata and the breeding line PT468 lack all tested leaf rust genes but are at least moderately resistant to leaf rust in inoculated field nurseries (B. McCallum, Morden Research and Development Centre, Morden, MB, personal communication). Several Canadian cultivars and breeding lines, including BW1016, are resistant to Ug99 but lack known Ug99 resistance genes. Mapping the resistances in these lines could result in a better understanding of rust resistance in Canadian germplasm and allow for tracking of genes already present in elite lines. There are several stem rust genes known to be in Canadian germplasm but that lack effective molecular markers. These genes include Sr5, Sr7b, Sr9d, Sr9g, and Sr14 (durum). Generating diagnostic molecular markers for these genes will allow for better tracking and effective gene stacking.
There are several traits that are not currently amenable to marker-assisted selection. An important example is FHB resistance. While there are several validated QTLs for FHB resistance, many resistant lines lack all known QTLs Jin et al. 2013) , and mapping studies routinely find FHB resistance QTLs in susceptible varieties (Waldron et al. 1999; Zhang et al. 2018) . Yield and quality are other traits that are not easily assayed using marker-assisted selection. Genomic selection is a breeding technique that offers a new direction for these and other traits and has received attention from various research groups (Arruda et al. 2016; Huang et al. 2016; Michel et al. 2016 ). Genomic selection involves examining loci throughout the entire genome, utilizing thousands of SNPs or PAVs to investigate complex traits like yield, quality (Guzman et al. 2016) , and FHB resistance (Arruda et al. 2016 ). This has the advantage of retaining QTLs with small effects, which can additively result in desirable phenotypes.
Future breeding will need to involve aggressive genotyping followed by selective phenotyping. Genotyping early in the breeding cycle can provide an early screen for positive attributes such as rust resistance and certain quality traits. This allows wheat breeders to focus more on things that are not easily genotyped, such as yield or lodging resistance. Knowledge of genes in cultivars or lines late in the breeding cycle can inform crossing, ensuring that parents have complementary genotypes that result in desirable phenotypes. Combining knowledge of the cultivars grown and the genes present in those cultivars can also be useful for studies on pathogen race evolution. With this information, genic monocultures that lead to the evolution of virlent pathogens can be avoided.
Knowledge of genes and their allelic status in a plant can be used to inform genome modification using tools such as Clustered regularly interspaced short palindromic repeats (CRISPR)-associated protein-9 nuclease (Cas9) (Xie and Yang 2013) . Using genome modification to create a known mutation already found in established cultivars might help sidestep some concerns about genetic alteration. In wheat breeding, many elite lines lack only one or two traits preventing acceptance of a breeding line as a cultivar, and improving those traits directly using genome modification could be a much faster, more efficient way of generating new lines. Several traits are controlled by well-studied loci potentially amenable to genomic alteration, including hostsensitivity genes for leaf spot, Vrn genes for winter/ spring growth habit, and various quality parameters including grain hardness, PHS, and granule bound starch synthase activity. Several nutritional changes could be made as well, such as removing celiac-reactive gliadin (Shewry and Tatham 2016; Sánchez-León et al. 2017) or introducing β-carotene through activation of phytoene synthase and inactivation of lycopene epsilon cyclase and lipoxygenase (Qin et al. 2016; Yu and Tian 2017) . KASP assays could be used directly in molecular screening of genome editing efficiency using base editors (Komor et al. 2016; Liu et al. 2017; Zong et al. 2017) or designed pre-emptively for an introduced trait not yet found in nature.
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